In vitro models of the liver have led to important insights into the pathogenesis of liver disease. These models are essential tools in the discovery and preclinical stages of drug development. The clinical application of these models is also emerging as a promising avenue for validating genetic target-matched treatments, in a precision medicine approach to treatment. Recent advances in 'liver-on-a-chip' technology and liver organoid research have opened up new opportunities for the functional and clinical use of organotypic in vitro models. This chapter focuses on the currently available in vitro liver models and the opportunities and limitations they present in the context of evaluating their use in disease modeling, drug discovery, and clinical application.
INTRODUCTION
The large burden of liver disease and primary liver cancer along with the management difficulties encountered have provided the impetus to pursue the use of representative in vitro models of liver function, response to injury, and development of malignancy. Improved 2D and 3D in vitro disease models would enhance our understanding of the cause of liver injury and cancer, increase the efficacy of preclinical drug discovery, and be a useful clinical tool for precision medicine. The increasing popularity of organ-on-a-chip technology and improvements in 3D cell cultures has enabled unique insights into liver disease (1, 2) . This chapter focuses on the current types of in vitro liver models, the opportunities and limitations of their uses in drug discovery, basic research and clinical management, as well as new directions of this field.
IN VITRO LIVER MODELS
In this overview, in vitro models will be defined as the culturing of isolated tissue components of an organ, while preserving many aspects of the in vivo environment. The chief purpose of in vitro models in research and medicine is to minimalize experimental variables to effectively isolate different organ components or structures for study under well-controlled, reproducible, and easily assessed conditions. This overview will focus on 2D and 3D models of the liver based on organotypic characteristics, including cell type, liver function, and zonation, and likely application in basic research, drug discovery, and clinical practice ( Figure 1) .
The liver has a heterogeneous cellular composition that includes hepatocytes (the target of most disease and comprise the majority of the liver in quantity and volume), Kupffer cells (liver-resident macrophages), hepatic stellate cells, liver sinusoidal endothelial cells (LSECs), biliary epithelial cells, fibroblasts, immune cells, and adult stem cells. Important liver functions to consider include: (i) the metabolism of endogenous substrates and exogenous compounds; (ii) the regulation of amino acids, carbohydrates, and fatty acids; (iii) synthesis of proteins (such as albumin or transferrin) and bile synthesis; (iv) immune activation upon injury; (v) the biotransformation of xenobiotics; and (v) the resilience to senescence (1, 2) . The cytochrome P450 (CYP450) family of abundant enzymes is also significantly important to liver function as they mediate the metabolism of drugs (3) .
The lobules of the liver are complex with perivenous, intermediary, and periportal zones (4) . The intercellular oxygen concentration of the lobule is 15-20 mm Hg in the perivenous zone compared to [45] [46] [47] [48] [49] [50] mm Hg in the periportal zone (5) . Metabolic processes, including glucose uptake, glycolysis, amino acid synthesis, bile acid production, and glucuronidation, are all greater in perivenous cells, which also have the greater CYP450 enzyme activity. By contrast, oxygen uptake, glucose delivery, gluconeogenesis, urea synthesis, fatty acid oxidation, cholesterol synthesis, and sulfation are all comparatively greater in periportal cells. Non-parenchymal cells such as bile duct cells and hepatic stellate cells are more abundant in the oxygen-rich periportal zone. These observations are important to liver modeling as zonation is important and disrupted in liver diseases, especially diseases associated with hypoxia and reactive oxygen species like non-alcoholic fatty liver disease (NAFLD) and hepatocellular carcinoma (HCC) (6) .
Increasing the efficacy of drug development and toxicity testing by improving in vitro models is of great interest to researchers and the pharmaceutical industry (7) . In 2015, the cost of bringing a new drug to market was estimated at 2.6 billion USD (8), with the major contributor to this cost being the very low clinical success rate of new compounds (approx. 11.8%) (9) . This high burden of cost necessitates the exploration of new approaches, including advances in preclinical methods, which select new drug interventions for clinical trials.
In the discovery and preclinical development stages of drug development, candidates are identified by correlating drug responses in cell cultures and preclinical animal models-usually one rodent and one non-rodent species (10) . Screening for absorption, distribution, metabolism, excretion, and toxicity (ADMET screening, also commonly referred to as ADME or the study of drug metabolism and pharmacokinetics) optimizes preclinical testing by enabling better understanding of the pharmacokinetic and pharmacodynamic properties of drug candidates (11) . Desirable drug-like properties identified by ADMET screening include adequate absorption and distribution, low metabolism, complete elimination from the body, and a minimal toxicological risk (10) .
A significant challenge in this field is predicting human-specific liver toxicity (12) . Animal models do not always reflect human toxicity due to differences in physiology, interspecies metabolic capacities, and disease adaptations. Similarly, in vitro models often do not accurately predict toxicity due to non-linear dosetoxicity relationships, unclear mechanisms, non-organ-specific toxicity, as well as adverse downstream effects (1, 12) . Drug-induced hepatic injury is the most frequently cited reason for approved drugs being removed from the market (13) . Current 2D in vitro assays are based on cell lines such as HepG2 that have reduced metabolic capacities compared to primary hepatocytes, while the use of primary human hepatocytes suffers from high donor-to-donor variation and cultures only retain in vivo characteristics for a short time ex vivo (11) . The effect of improving these in vitro assays may potentially lead to more effective and rapid pre-clinical drug development.
After the completion of the human genome project in the early 2000s, there was significant optimism for the potential of genomic medicine to revolutionize the diagnosis and treatment of many illnesses, in particular, the clinical application of genetic predictors to better understand patient risks of disease and responsiveness to potential designer drugs, based on targeting specific molecular pathways (14) . In 2011, the US National Research Council coined the term " precision medicine" to inspire a new taxonomy for disease via a knowledge network. They defined precision medicine as "The tailoring of medical treatment to the individual characteristics of each patient […] to classify individuals into subpopulations that differ in their susceptibility to a particular disease or their response to a specific treatment. Preventative or therapeutic interventions can then be concentrated on those who will benefit, sparing expense and side effects for those who will not. This is different from personalized medicine, which refers to 'an approach to patients that considers their genetic make-up but with attention to their preferences, beliefs, attitudes, knowledge and social context'." (15) The disease treatment strategies that have so far benefited the most from precision medicine are treatments for cystic fibrosis and cancer management using genome sequencing to enhance patient care by improved diagnostic sensitivity, allowing for more precise genetic therapeutic targeting (16) . Since the early success of the Bcr-Abl kinase inhibitor Imatinib for targeted therapy for chronic myeloid leukemia, oncology has moved towards molecular classification (16) , but currently there are only 11 genomic alterations known to drive tumor progression in different tissues matched directly with approved targeted therapies (17) .
CONVENTIONAL 2D IN VITRO LIVER CELL CULTURES
Essentially, cell biology relies on 2D models generated from dissociated cell cultures that are expanded on plastic surfaces, often supported by extracellular matrix (ECM) scaffolding. These are primary cell cultures derived directly from harvested tissue or immortalized cell lines (primary cells genetically transformed to produce rapidly proliferating, uniform, easily cultured, artificial phenotypes). A major reason for the popularity of dissociated cell cultures is that the majority of mammalian cells can be expanded into adherent colonies on culture plates, and these have proven to be relatively low cost and easy to manipulate and maintain. A high-throughput cultured monolayer of cells receives a consistently homogenous amount of nutrients, growth factors, and exposure to oxygen. Commercialized cell lines are available across a diverse range of tissue types, and there is extensive commercial support for these cultures, such as the availability of different culture media and consumables. Furthermore, there are various options for genetic manipulation, such as CRISPR, gene transfer, insertion, deletion, silencing, and cell fusion (1) .
Primary cell cultures
Human hepatocyte primary cell cultures are a physiologically relevant model for studying drug biotransformation and toxicity (18, 19) . However, cells grown in this way have a number of issues. They only maintain their wild-type characteristics for a limited time when cultured on 2D surfaces because of de-differentiation. In addition, in vitro manipulation often results in a loss of wild-type characteristics, slow proliferation, changes in metabolism, and early senescence after a limited number of passages (18, 19) . Therefore, cell cultures require successive tissue harvests, which incur higher associated costs. Moreover, the harvesting of tissue is susceptible to contamination from non-applicable cell types, thereby compromising the model' s integrity (1) .
The ECM has a profound effect on primary cell function, differentiation, signaling, and morphology (20, 21) . For example, culturing primary hepatocytes with the scaffold matrix Matrigel ® induces gene expression, which more closely resembles liver tissue in vivo. It also improves cellular morphology by enhancing cuboidal shape and results in cells with clearly defined cell borders that allow the formation of highly organized cellular networks (22) .
Primary hepatocyte cell cultures have been useful for understanding the mechanisms in liver regeneration (23) and for discerning the relationship between the liver cytoskeleton and liver-specific protein expression (24) . Similarly, primary cultures of hepatic stellate cells have been instrumental in understanding the causes of liver fibrosis and identification of key fibrogenic mediators (25, 26) . In drug testing, primary human hepatocyte cell cultures are considered the "gold standard" because they display many phenotypic functions of the liver when compared to other in vitro models (27, 28) . However, this approach has been heavily criticized as suboptimal. The common issues include: (i) cells being cultured at densities of only approximately 1% of physiologically normal tissue densities, thereby impairing intercellular signaling; and (ii) cultures being non-homeostatic as conditions are optimized for rapid growth, thereby preventing correct cell differentiation (29, 30) . Primary hepatocytes experience a decline in CYP450 expression when grown in vitro (31) , while the transcription of common genes is unaffected leading to a decrease in CYP450 proteins and activity, significantly limiting the translatability of this model (32) .
Sandwich-cultured hepatocytes
Culturing primary hepatocytes between two layers of collagen, termed sandwichcultured hepatocytes (SCH), results in retained cellular polarity with correct localization of basolateral and canalicular transporters as well as formation of functional bile networks (33, 34) . Discovered by Dunn and colleagues, SCH maintain mRNA expression, as well as cell functions, such as the secretion of albumin, transferrin, fibrinogen, bile acids, and urea for 6 weeks (35, 36) , and CYP450 isozymes for 2 weeks (37) . SCH have proven to be a useful tool to study hepatobiliary drug disposition and mechanisms of drug-induced liver injury, for example, elucidating transport mechanisms responsible for the elimination of the antifungal agent, micafungin (38) , and the mechanisms of bile acid-mediated, drug-induced liver injury (39) .
Immortalized or transformed cell lines
Immortalized or transformed cell lines are dissociated cell cultures, which have been genetically modified or selected for an oncogenic phenotype. Typically, these cultures show rapid proliferation, resistance to de-differentiation, improved passaging, and greater resilience to senescence, making these cells convenient to maintain, expand, and retain phenotypic consistency between experiments. These cell cultures have been successfully used to study hepatitis B virus (HBV) and hepatitis D virus (HDV) infections. Mechanisms of HBV viral entry were discovered in HepRG cell lines (40), the expression/replication of HBV was discovered in HepG2 (41) , and the complete HDV replication cell cycle was discovered in HepG2 and Huh7 cells (42, 43) . The shortcomings of these cell lines include significant changes in differentiation potential; altered genomic content (44); abnormal proteome expression; and the loss of features such as cellular polarity (45), contact inhibition (46, 47) , metabolic CYP450 potential (48, 49) , the induction of inflammatory mediators (50), as well as paracellular transport (51) .
Due to most immortalized human hepatic cell lines having reduced liverspecific functionality (52), different strategies have been used to counteract this issue, including co-culture systems with primary human hepatocytes and overexpressing liver-enriched transcription factors, CYP450 enzymes, or proliferation inhibitors to increase hepatic functions (52) . Immortalized human hepatic cell lines have been successfully used to investigate the life cycle of hepatitis C and B viruses (53) (54) (55) (56) , and they act as cellular models of hepatocarcinogenesis (57) and steatosis (58) . Furthermore, immortalized hepatic cell lines have also been found suitable as in vitro tools for drug screening and safety testing. Hc3716-hTERT, immortalized fetal hepatocytes, and telomerase-immortalized hepatic stellate cells NPC-hTERT have been used as models for predicting the side effects of telomeretargeting drugs (59) , and Fa2N4 cells have been used for screening pregnane X receptor-mediated CYP3A4 induction (52).
Organotypic cultures
A major limitation of dissociated cell cultures is their high degree of homogeneity as they fail to represent liver tissue heterogeneity. While hepatocytes comprise the majority of cells within the liver, liver function is dependent on a number of different cell types. 2D organotypic culture uses multiple different cell types to recapitulate in vivo-like cell heterogeneity. Co-cultures of hepatocytes and macrophages have been successfully used to model their intercellular cross-talk, their roles in the regulation of liver regeneration, hepatocyte function, and the acute-phase response to septic liver injury (60) . Long-term co-cultures of hepatocytes and LSECs, either on top of or sandwiched between a collagen gel, retained the LSEC phenotype and enhanced hepatocyte functions, such as increased CYP450 activity (61) . In contrast, co-cultures of primary hepatocytes and endothelial cells, maintained under high oxygen conditions, preserved cell morphology, high CYP450 levels, and native gene expression (62) . A recent example by Ware and colleagues was a triculture of primary human hepatocytes with 3T3-J2 fibroblasts and LSECs overlayed with Matrigel ® , which was shown to display a stable phenotype with increased albumin and urea secretion for 3 weeks (63).
Shortcomings of conventional 2D liver cell cultures
While these models have many benefits, a significant issue with 2D liver models is their lack of hepatic sinusoid heterogeneity, in vivo-like cell density, oxygeninduced zonation, and the liver circulatory system. The clinical application of 2D cell cultures is limited due to significant issues of cell contamination, nonreflective cell differentiation, genetic drift, variable drug responsiveness, and a limited capacity to predict toxicity, creating a degree of uncertainty when using 2D culture as a model for potential treatments, with a possible exception of patient-derived tumor cell lines for precision medicine (64) .
3D IN VITRO LIVER MODELS
The shortcomings of 2D cell culture models have driven the development of 3Dcell culture techniques. The advantages of 3D models include replicating the complex attributes of the liver beyond liver-specific metabolism, such as increased cell density, organization, and cell-cell signaling, O 2 zonation, as well as the anatomy of the liver lobule and the circulatory system ( Figure 2 ). Some of these models are limited by their low applicability for high-throughput screening as well as their laborious preparation, lack of reliable protocols, and short-term survival of these models in culture. However, 3D models have proven useful in developmental and toxicological studies and represent an exciting opportunity for more functionally relevant clinical modeling.
Whole organ explants
Whole mouse liver organ explants have been used to study the effects of oxidation on the progression of hepatocarcinoma. In 2016, Torricelli and colleagues reported inoculating the murine hepatocarcinoma cell line Hepa 1/A1s into the livers of live mice, which proliferated in vivo for 20 days before the livers were removed and used as a whole organ explant model to study the effects of the antioxidant Citozym on tumor size in culture over a 4-week period (65).
Precision-cut tissue slices
Liver 'precision-cut tissue slices' (PCTS) have mostly been generated using rat livers, but the technique has also been used for other species including humans (66) . Slicing allows sufficient oxygen and nutrient supply to the inner cell layers, and hepatocytes retain their membrane and intracellular polarization (67) . In a study by Vickers and colleagues, rat liver slices have been found to be fully capable of metabolizing compounds and maintaining fibrogenic pathways, such as activation of stellate cells, the proliferation of myofibroblast-like cells, and an increased collagen deposition for4 days under appropriate conditions (68) . As with 2D cultures, CYP450 expression decreases during prolonged culturing, but this has been shown to slow down when the medium is supplemented with insulin, dexamethasone, and fetal calf serum (69, 66) .
Tumor tissue explants
A 'tumor tissue explant' is a 3D model of cancer, where an excised human tumor is embedded in collagen and tissue culture medium (70) . Mainly used as an in vitro model of drug efficacy, this method has been demonstrated by Vaira and colleagues to preserve pathway activation, pharmacological inhibition, internal 3D architecture, cell viability, and global gene expression profiles up to 5 days ex vivo (71) . Unfortunately, this model is relatively unreproducible due to tissue heterogeneity, applicability of techniques such as imaging and flow cytometry is limited, and the culture is only viable for a short period of time, making it impractical for any form of high-throughput, long-term, or clinical investigations (72) .
Multicellular tumor spheroid
The best-characterized 3D organotypic models of cancer are "multicellular tumor spheroids," which are constructed from homogeneous tumor cells or co-cultures on nonadherent surfaces, where the cell suspension undergoes aggregation and compaction (73, 72) . Spheroids re-establish morphological, functional, and physiological cellular transport properties of their corresponding tissue and resemble the avascular tumor nodules/micrometastases or intervascular regions of large solid tumors (74) . These have been used to gain insights into therapeutic challenges associated with drug resistance, metabolic and proliferation gradients, and the importance of cell-cell/cell-matrix interactions (74) . Liver multicellular tumor spheroids have been used for understanding microenvironmental chemoresistance of HCC associated with the crosstalk between HCC cells, hepatic stellate cells and other stromal cells (75, 76) . For instance, liver cancer spheroids of Huh7 cells co-cultured with human umbilical vein endothelial cells promoted HCC gene expression and oncogenic properties, such as cell proliferation, increased expression of cancer stem cell markers, and extracellular cytokine-mediated signaling (77) . Furthermore, this multicellular tumor spheroid model tolerated higher anti-cancer drug concentrations than the monolayer control, which may be due to the hypoxic conditions within the spheroid, activating extracellular signalregulated kinases (ERK), critical in tumor cell proliferation (77) .
Organ-on-a-chip
An "organ-on-a-chip" utilizes the microfluidic technology to replicate the in vivo microenvironment and homeostasis of living human organs (78) . Often consisting of transparent 3D polymeric microchannels lined by human tissue cultures, these devices are designed to mimic the 3D microarchitecture, organ-specific mechanical/ biochemical microenvironment, and the functional tissue-tissue interfaces in organs. Many investigators use micro-channels of matrix-coated porous membranes with a layer of endothelial cells, populated by the desired co-culture, connected by wells containing the preferred perfusion medium (78) . These devices have also been designed with compartmentalized channels, allowing for independent fluidic/aerosol access to individual tissue types, enabling selective treatment conditions and analysis (73) . "Liver-on-a-chip" systems have been shown to predict clearances, toxicity, and the mechanism of action of certain drugs (79) .
Commercially available liver-on-a-chip microfluidic systems such as the 3D perfused cell culture platform from Zyoxel and the Microliver chip from HμRel ® corporation have been used for toxicity testing, but none of these systems have been fully validated. Most current models use primary human hepatocytes to populate the system, and a few include a co-culture with non-parenchymal cells, which has improved their capacity to predict liver toxicity (80) . For example, the anticancer prodrug Flutamide was tested for hepatotoxicity using human HepG2/ C3a cells in a microfluidic biochip and led to metabolic results consistent with reports in the literature. The authors demonstrated perturbation of the tricarboxylic acid cycle and impaired urea cycle with reduced uptake of essential amino acids (81) . In 2016, Bhise and colleagues have also had success in drug toxicity analysis with a liver-on-a-chip platform using human HepG2/C3a spheroids encased in hydrogel within a bioreactor for long-term culturing (82) . Furthermore, biochips using primary hepatocytes have been used to measure the pharmacokinetics of several drugs, with results that resemble data in relevant clinical trials (83) . The use of human-induced pluripotent stem cells (hiPSCs) to generate hepatocyte-like cells has been assessed for populating liver-on-a-chip systems. However, differentiated cells were found to have reduced functionality and immature gene/protein expression (84) . Focused efforts at recapitulating lobule zonation using liver-on-a-chip systems have had mixed success (85, 86) . A controlled oxygen gradient has been maintained in primary rat hepatocytes, which induced in vivo-like heterogeneous CYP450 localization and toxicity. This is significant because most studies only model one lobule zone (usually the perivenous zone), and hence, the expression of intermediate metabolites may be exaggerated, while detoxification may be underestimated (79) .
Organoids
An "organoid cell culture" is defined as a collection of several cell types that develop from stem cells or organ progenitors, display organ-specific functions, mimic its structural organization, and self-organize through cell sorting and spatially restricted lineage commitment, similar to organogenesis in vivo (87) . Organoids are usually formed by exploiting the expansion potential of three cell types: pluripotent embryonic stem (ES) cells, induced pluripotent stem cells (iPSC), or organ-specific adult stem cells (aSC), forming new primary tissue buds, made of self-organizing daughter cells that are induced to differentiate in culture. These daughter cells display the capacity to self-organize into structures that reflect crucial aspects of the tissue for which they are fated (88) . What distinguishes 3D liver organoid cell cultures from other in vitro models is that they bridge the gap between the microenvironmental integrity of organ explants and PCTS, yet have the high-throughput accessibility of immortal cell lines.
Liver organoids have demonstrated advantages over conventional in vitro models such as long-term genetic stability, in vivo-like organization, and maintaining the necessary cellular crosstalk and behavioral characteristics of their primary corresponding cells (89) . For example, adult stem cells from alpha-1 antitrypsin (A1AT)-deficient patients cultured into liver organoids mimic the in vivo situation with A1AT protein aggregates and signs of endoplasmic reticulum stress (89) . Liver organoids were first created by Huch and colleagues by exploiting the expansion potential of LGR5 + progenitor/stem cells in damaged adult mouse liver tissue, by Wnt-driven regeneration. They then induced hepatocyte maturation by inhibiting Notch and TGF-β signaling, which led to the expression of genes involved in cholesterol and lipid metabolism, as well as from the CYP450 superfamily. Immunofluorescent analysis revealed the expression of hepatocyte nuclear factor 4α and albumin, hepatocyte binucleation, as well as patches of the progenitor cell and ductal marker cytokeratin 19. Ninety percent of these cells were also competent for low-density lipoprotein uptake and accumulated glycogen (90) .
In addition, Huch and colleagues established the first organoid culture system for human liver from primary bile duct stem cells (89) . These organoids displayed high stability, both chromosomally and structurally, with low rates of genetic alterations over a 3-month culture. Using the established methods developed for mouse liver organoids, they induced hepatocyte differentiation in the human liver organoids. As a consequence, the cultures began to display hepatocyte gene expression, albumin secretion, CYP450 metabolism, bile acid production, ammonia elimination, low-density lipoprotein uptake, and glycogen storage (89) . Further, organoids were readily engrafted in vivo upon transplantation in mice (89) .
It has been proposed that liver organoids may be a useful model for studying the transition of NAFLD to non-alcoholic steatohepatitis if these organoids were co-cultured with hepatic stellate cells, Kupffer cells, and other inflammatory cells (91) . Retroviral transduction and liposomal transfection have been successfully used to genetically manipulate liver organoids with green florescent proteinexpressing vectors (92) . Another exciting avenue to explore is CRISPR gene editing, with success already achieved using intestinal organoids of cystic fibrosis patients, where the cystic fibrosis transmembrane conductance regulator (CFTR) locus was corrected in vitro by homologous recombination (93) .
Although 3D liver organoid cell cultures are becoming a research focus, challenges for the technology include the recapitulation of the in vivo ECM. It has been suggested that the use of decellularized liver ECM populated with liver organoids may improve hepatocyte functions (89), which has had success in promoting survival and maturation compared to collagen type I (94) . Limitations of liver organoids include the lack of a native microenvironment, thus inhibiting the study of the interactions between stem cells and their niches, a lack of all necessary in vivo growth factors or signaling gradients, and an inability to accurately model immune responses. A possible solution to this is organotypical co-culturing and the application of microfluidic technologies. Further heterogeneity between organoid cultures can cause inconsistency in reproducing phenotypic traits such as size, shape, cellular composition, and 3D architecture (95, 96) .
In drug development, an in vitro organoid system comprised of human cells which are complex enough to demonstrate organotypic composition, morphology, and functionality (Table 1 ) would be ideal in closing the gap in phenotypic drug discovery (26) . Increasing the chain of translatability for target-agnostic investigations remains a significant challenge (3), and human organoids may build a rational and sustainable discovery pipeline, reducing false-positives and cost. The reason for this is that organoids may present a more phenotypical disease-associated functional response to treatment than 2D cell lines as well as a more accurate disease-free associated phenotype. Phenotypic drug discovery with generic readouts like viability or apoptosis in cancer cell lines often provides little insight into disease pathways or mechanisms of action, while in vitro 3D organoid models exhibit the potential to become highly predictive cell-based tools for preclinical drug toxicity assessments (97) . To date, there have only been a few successful clinical uses of in vitro organoid models. One example was a robust functional drug assay for cystic fibrosis, developed using human intestinal organoids, which demonstrated the clinical potential organoids hold for precision medicine (98) . Using automated fluorescent image analysis, the function of the CFTR (which is defective in cystic fibrosis) can be assessed, allowing the authors to efficiently test drug responses of patients and treat rare forms of this disease (99) . This assay has advantages over established in vitro models, such as rectal biopsies and primary airway tissue culture models because organoids can be passed into large screening arrays for high-throughput precision medicine (98) .
Tumor organoids
Despite the precision medicine approach, only a minority of patients with cancer derive clear benefit from matching genetic targets with treatment. Currently, precision oncology based on emerging biomarkers remains an investigational strategy, and the present approach of matching single agents to patients is still suboptimal (17) .
To address this issue, Pauli and colleagues piloted a study that combined whole-exome sequencing (WES) of patient metastatic and primary tumors with tumor organoid drug sensitivity assays, facilitating the integration of genomic data with drug screening in an iterative platform to identify effective therapeutic regimens for individual patients (100) . Sequencing of 769 specimens identified somatic cancer gene alterations that were actionable by FDA-approved drugs in three specimens (0.4% of the total), but found somatic alterations with potential clinically actionable by off-label use in 71 of the remaining specimens (9.6% of the total). Fifty-six organoid tumor lines and 19 patient-derived organoid xenografts were successfully established and characterized using cytology and histology, leading to patient-derived tumor organoids from four candidates being selected and subjected to 2D high-throughput drug screening. The tumors screened were from uterine carcinoma, endometrial carcinoma, and two lines of stage IV colorectal cancer. Single and combination compounds selected by this process were then validated in 3D cell culture. Drug combinations were further validated in patient-derived xenografts for two patients. In both cases, the drugs selected by the screening were found to be more effective at reducing tumor growth than the patient' s current regimen. These results demonstrate that the optimal drug combinations can be identified using sequential drug-sensitivity screens followed by validation in personalized patient-derived tumor organoid xenograft models in a clinically relevant timeframe of 7 and 12 weeks (100). The further utility of tumor organoids to be passaged for large data sets while retaining individual phenotypic characteristics cannot be under-appreciated, as the power to rationally delineate the optimal therapy for every individual patient removes ambiguity and could exponentially speed up the rate of patient recovery. Pauli and colleagues demonstrated that 3D patient-derived tumor organoids can be a powerful tool for individual drug sensitivity assays, the results of which can be verified in xenograft models (100) . However, these findings still need to be proven in clinical practice and shown to benefit patient outcomes.
In late 2017, the clinical potential of tumor organoids derived from human primary liver cancer was demonstrated by Broutier and colleagues (101) . Tumor organoids from HCC, cholangiocarcinoma (CC), and combined hepatocellularcholangiocarcinoma (CHC) retained features from their tissue of origin, such as the vast majority of cancer-related genetic variants, gene expression profiles, and tissue histologies. Immunohistochemistry and immunofluorescence showed that even after long-term expansion in culture, disease-specific protein expression was conserved, including the HCC markers HepPar1 and alpha-fetoprotein in HCC/ CHC, and the ductal/CC marker epithelial cell adhesion molecule (EpCAM) in CC/CHC. Once established, the liver tumor organoid cultures were used to develop drug assays to identify patient-specific drug sensitivity. This was achieved by using a simple cell viability assay and observing the rate of organoid viability in the presence of range treatments with drugs such as sorafenib, gemcitabine, and SCH772984. Of these drugs, the sensitivity of the ERK inhibitor SCH772984 was then able to be validated in a patient-derived xenograft model transplanted with a CC tumor organoid (101) .
Another precision medicine study by Nuciforo and colleagues, using human liver tumor organoids, found that HCC tumor-derived organoids maintained the growth pattern and differentiation grade of the originating primary tumor. In addition, alpha-fetoprotein, glypican 3, glutamine synthetase, and heat shock protein 70 protein expressions were preserved. Whole exome sequencing determined that somatic and non-synonymous somatic mutations in the HCC biopsies were observed at a rate of 88 and 90%, respectively, in the corresponding HCC organoids at early passages. The tumor organoid cultures also displayed variable sensitivity to sorafenib exposure demonstrating that organoids derived from biopsies can be used to test tumor-specific sensitivities to growth-inhibitory substances. However, a direct comparison of in vitro sorafenib activity with the clinical response was not feasible, because none of the patients for whom organoid cultures were generated were treated with sorafenib (102) .
These studies demonstrated the added value tumor organoids may have in the pursuit of precision medicine in treating primary liver cancer. While precision medicine has focused mainly on matching genetic targets with treatments, tumor organoids may be used to validate these matches in in vitro models or discover potential treatment options in the patient, which can be further validated in vivo, using tumor organoid xenograft models.
FUTURE DIRECTIONS OF IN VITRO MODELS OF THE LIVER
Future in vitro models of the liver need to be standardized to satisfy the requirements of (i) high-throughput with ease of use during cell maintenance and (ii) replication of anatomical and metabolic zonation of the liver lobule. Future in vitro models of the liver will combine material advancements made in organ-on-a-chip biotechnologies, bioprinting, and the cell biology advancements in organoid research. This could be achievable using permeable microfluidic tubes lined with LSECs to simulate blood flow and bile excretion or within a modified liver-on-achip system, populated by liver organoids and co-cultured with non-parenchymal cells, similar to the early intestinal organoid populated organ-on-a-chip devices recently developed, which have recapitulated important structural features and functions of the native duodenum (103, 104) . Zonal inter-hepatic heterogeneity of the model may be controlled by applying an oxygen gradient across the hepatic cell population. Other considerations include assembly on a matrix that accurately models composition of the in vivo ECM for increased in vivo-like cell-ECM interactions. This would be similar to the bioprinted liver lobules created by Grix and colleagues, where populated HepaRG cells and human stellate cells had microchannel structures, which demonstrated flushing, higher levels of albumin, and CYP450 gene expression, while maintaining overall metabolism (105) . The liver organoid-on-a-chip system by Wang and colleagues combined a perfusable organon-a-chip system with hiPSC-derived liver organoids, which demonstrated improved cell viability and higher expression of mature hepatic genes and endodermal genes (106) .
CONCLUSION
In vitro models of liver disease represent an exciting opportunity to better understand liver homeostasis, response to injury, and cancer development. Conventional methods that use2D primary human hepatocytes and immortalized cell lines or 3D organ explant/PCTS have progressed to using 3D organ-on-a-chip and organoid models with microfluidics and appropriate co-cultures, in which the complex cellular heterogeneity of the originating organ is recapitulated ex vivo. Although well-characterized immortalized cell lines will remain relevant for studying highly conserved cellular processes and interactions, they cannot be regarded as completely accurate models of liver biology in vivo. It is also possible that in the future, as methods become established and validated, in vitro models of the liver will increase the efficacy of pre-clinical drug development, leading to more therapies to treat liver disease. Tumor-derived organoids may also play an essential role in fulfilling the promises of precision medicine, as a method of validating prospective drugs for individual patients.
